INTRODUCTION
The polychlorinated biphenyls (PCBs) are man-made chlorinated derivatives of biphenyl bearing 1-10 chlorine atoms. [1] PCBs are commercially valuable for special dielectric and insulating properties. These chemical materials have been, and maintain to be, used initially as dielectric fluids and coolants for electrical equipment and other applications. the use of PCBs containing products by 2025, and also made it mandatory to eliminate all of the PCBs containing wastes by 2028. [5, 6] To meet the Stockholm convention 2028 deadline, destruction of PCBs in Iran should be carried out by state-of-the-art incineration facilities and/or other modern technologies that are not available in the country; therefore, the local PCB wastes must be exported to industrialized countries that impose high costs to the country. This study was carried out to resolve this problem.
Commercially applicable and well-known treatment technologies for eliminating PCBs from transformer oils are chemical dechlorination as base catalyzed decomposition (BCD), hydro-thermal oxidization decomposition, sodium reduction, photo-disintegration, incinerations, and so on. [7] [8] [9] [10] These technologies have many advantages and disadvantages that have been investigated and applied in various countries. Among which incinerations are the most current, but there is a widespread public objection to this method due to the potential release of dioxin through exhaust stream. Now, some noncombustion technologies have been well developed or are developing, such as gas phase chemical reduction, base-catalyzed decomposition, sodium reduction, and plasma arc. [8] In recent years, the destruction of chlorinated organic pollutants has been carried out using microwave (MW) irradiation. In this field, Liu et al found that the destruction rates of PCBs in soil increase with the application of MW and activated carbon. [8] Kastanek et al. investigated the dechlorination of PCBs in waste oil in the presence of nucleophile reactants and a ionic liquid under MW irradiation; they found that MW decomposed over 99.99% of the PCBs after merely 5 min, whereas with conventional heating around 55%-60% of PCBs were destroyed at 60 min. [11] Subsequently, Liu et al. investigated the hydrothermal decomposition of PCBs in waste transformer oil in the presence of water (H 2 O), zero-valent iron, and sodium hydroxide (NaOH) by MW radiation. They destructed all PCBs via MW hydrothermal decomposition in 10 min. [8] In all the above investigations and other works in this field, MW had mostly influenced the reactions rate. It is proved that in the reaction between polyethylene glycol (PEG) and polychlorinated biphenyls in alkaline environment, it is PCB which is destroyed. [12] In this reaction, PEG as a nucleophile attacks biphenyl rings and separates chlorine ions from PCBs simultaneously. Also, hydrogen production from iron hydrothermal oxidation at temperatures above 300°C is proved. [13] The hydrogen that is produced can be used for the dechlorination of PCBs.
In this study, the above two reactions (PEG + NaOH and Fe + H 2 O + NaOH) were used for destruction of PCBs in waste transformer oil under MW. The detected concentration of aroclor 1262 prior to the process was 7884 mg/L. All required materials were purchased from Merck with grad analytical. Experiments were performed in a modified domestic MW stove with condensing system (2450 MHz, 900 W, Delonghi Co Germany).
MATERIALS AND METHODS
A condensing system was installed above the reactor for collecting distillation [ Figure 1 ]. We opened a hole with 35 mm diameter above the MW stove from which a quartz batch reactor (30 mm i.d.) was inserted. The space between the wall and reactor was filled with a Teflon ring. This reactor was connected to a condenser for preventing liquid evaporation, and so the evolved gas passed through two vessels, which were connected in series and contained n-hexane. The materials in the reactor were cooled at 6°C after the process ended, and then they were mixed with n-hexane in vessels and PCB was detected. All these experiments were carried out in batch reactor. The main operational variables were tested for decomposition of PCBs from waste transformer oil.
First, experimental design was carried out through central composites design (CCD) method (Design-Expert 7 software). The operational variables were used in the CCD follows the radiation time (360 s), MW power levels (200-1000 W), polyethylene glycol (1.5-7.5 g), zero-valent iron powder (0.3-1.5 g), NaOH (0.3-1.5 g), and H 2 O (0.4-2 mL), which were selected based on preceding studies and our initial tests. The samples in the first experimental design were 64. The real waste oil amount which was used in all experiments was 10 mL. Afterwards, the optimum amounts of variables were achieved using the CCD method at 360 s, and then reaction rates were investigated using the optimum amounts of variables ranging from 0 to 600 s. At the end of the experiments, the dechlorination and destruction mechanisms were analyzed. In every stage, duplicate or sometimes triplicate processes were carried out and analyzed. The samples in these runs were 60.
PCBs were analyzed using AGILENT gas chromatography, which was equipped with an electron capture detector (model 6990N), based on standard testing method D 4059, as reported in ASTM. Hexane was used for the dilution of organic phases (1:40). The type of column was DB-5, capillary, diameter 0.32 m, length 30 m, and film thickness 0.25 μm.
The injector and detector temperatures were at 270°C and 300°C, respectively. The carrier gas was N 2 with a flow rate of 0.9 mL/min. The column temperature was programmed as follows: Initial temperature was 120°C; first temperatures increase rate was 15°C/min to 210°C in isotherm 1 min; second increase rate was 20°C/min to 240°C in isotherm 2 min; and the third one was 30°C/min to 295°C in isotherm 2 min. The PCBs isotherms were obtained by injecting predetermined concentrations to Gas ChromatographyElectron Capture Detector (GC/ECD).
A VARIAN 4000 Gas chromatography-Mass Spectrometry (GC/MS) was applied for detection of the PCBs degradation byproducts. DB-5 MS and helium were used as capillary column and carrier gas, respectively.
To confirm the possibility of the hydrothermal reaction, acetone and demonized water were used to wash precipitated solid particles; then, they were dried in free environment. Finally, they were portrayed by X-ray diffractometer with Cu Ka radiation.
RESULTS
A very important factor in the dechlorination and destruction of PCBs was MW irradiation; the temperature of the whole process, the radiation intensity of MW, and reaction rate were directly related to the MW power levels. [14, 15] During this research, the MW power levels were 180, 360, 540, 720, and 900 W; other factors were as follows: 1.5-7.5 g polyethylene glycol, 0.3-1.5 g zero-valent iron powder, 0.3-1.5 g NaOH, 0.4-2 mL H 2 O, 10 mL real-waste transformer oil, and 360 s MW irradiation.
The results showed that the PCBs destruction efficiency in the presence of various reactants increased by adding the MW power, as shown in Figure 2 .
The recorded temperatures in the reactor (after the end of MW irradiation phase) showed that in all courses, the reactions temperatures were almost approximately 90°C-110°C. The boiling rate of solution was more in higher powers, in comparison to lower powers, and its boiling time was shorter as well.
In Table 1 , the negative effect of water on keeping the reactor temperature low and decreasing PCB destruction confirmed by comparing two courses of reactions in the presence and absence of water. The optimum amounts of variables were determined via initial stage of experiments by using CCD method; their amounts were as follows: 800 W power, 5.4 g PEG, 1.13 g NaOH, 0.6 g Fe, and 0.8 mL H 2 O. When variable optimum amounts were used, almost 99.48% of aroclor 1262 was destroyed at reaction time of 2 min, whereas in 10 min more than 99.97% of them were destroyed.
In this investigation, five levels of variables (namely Microwave Power, PEG, NaOH, zero-valent iron, and H 2 O) were selected and added to 10 mL of waste oil whose effects were specified through CCD method, simultaneously [ Figure 2 ].
It can be clearly seen that adding PEG (1.5-7.5 g) and NaOH (0.3-1.5 g) effectively raised the decomposition efficiency of PCBs, but adding H 2 O (0.4-2 mL) obviously decreased the same. Further, adding zero-valent iron (0.3-1.5 g) almost did not affect PCBs' decomposition efficiency, as shown in Figure 2 . Also, their effects were determined in the optimum amounts of factors and MW power of 800 W in 6 min [ Figure 3 and Table1].
These results showed that waste oil was not an absorbent of MW, and also did not affect the efficiency of PCBs decomposition. When either PEG or NaOH were used, 26.75% and 51.44% of aroclor 1262 decomposed at reaction time of 6 min, respectively. The maximum destruction efficiencies of PCBs related to both courses PEG + NaOH and PEG + NaOH + Fe were 99.97% and 99.99%, respectively. In two of the above-mentioned runs, the reactions temperature increased to 160°C, whereas in other runs, the maximum temperature of reactions was 110°C [ Table 1 ]. The analysis of these consequences affirmed the results of CCD method.
The destruction rate of PCBs investigated in the optimum amounts of variables in 20, 40, 60, 90, 120, 240, 360, and 600 s [ Figure 4 ], showed that more than 99% of total PCBs were destroyed at initial 90 s of the process, and also the destruction rate of PCBs decreased after 60 s.
The investigation of aroclor 1262 destruction during the reactions indicated that the destruction kinetic was fitted with the apparent second-order kinetics, k = 0.0001 [ Figure 5 ]. The destruction rate of PCBs is clearly related to initial PCBs concentration in waste oil. The results suggested that the higher chlorinated biphenyls were destroyed faster than the lower chlorinated biphenyls in all runs.
The destruction rates were as follows hierarchically: Hepta > hexa > penta; also, the destruction efficiencies of penta-, hexa-and hepta-chlorinated biphenyls at 120 s were 99.35% , 99.45%, and 99.64%, whereas at 600 s they were 99.98% , 99.98%, and 99.99%, respectively [ Figure 6 ].
DISCUSSION
In the reactor, two main mechanisms might have occurred for PCBs' destruction. First mechanism constituted attacks to C-CL band of PCB rings by a potent nucleophilic agent, such as PEG, in alkaline environment under MW radiation. Meanwhile, NaOH acted as an activator and neutralizer of separated chloride ions of PCBs; the observation of reaction behavior showed that both PEG and NaOH are MW absorbent. [12, 16, 17] Second mechanism might possibly be the production of hydrogen from the hydrothermal reaction in Fe + NaOH + H 2 O system (under MW irradiation); this hydrogen might have participated in the PCBs dechlorination.
To specify the dominant mechanism, different courses were carried out in the optimum amounts of variables [ Table 1 ].
The results showed that when a mixture of reactants, that is, Fe, NaOH, and H 2 O is used, 11.3% of PCBs were decomposed, whereas in the presence of only NaOH, 51.44% of PCBs were decomposed, which is suggestive of the fact that hydrothermal reaction had not occurred. Although, the production of hydrogen from the hydrothermal oxidation of iron in Fe + NaOH + H 2 O system at temperatures above 300°C is proved in other reports, low temperature in these reactions (110°C) caused the occurrence of this mechanism to be almost impossible. [18, 19] The reactor temperature was kept between 90°C and 110°C due to the evaporation and condensation of water, and then its returning to the reactor.
Also, X-ray diffraction pattern of the remnant iron powder at the end of the process indicated that Fe 3 O 4 and 2NaFeO 2 were not produced in the reactions [ Figure 7 ]. But the first mechanism (the mixture of NaOH and PEG) clearly had the highest effect on PCBs destruction in real-waste transformer oil. The results exhibited that when a mixture of reactants including PEG1000, NaOH, and Fe is used, the reactor temperature raised and a high percentage of PCBs (99.99%) were destroyed. Furthermore, The water mount has a negative effect on the activation of PEG, and also has a negative effect on reactions temperatures. [20] These results are similar to other reports published by researchers, such as Kastanek and Liu. [8, 11] Zero-valent iron had a low impact (<0.02%) on PCBs decomposition in the absence of water. In this course, zero-valent iron, as a catalyzer, has probably increased the destruction efficiency of PCBs, especially in higher chlorinated biphenyls. As mentioned above, the mixture of PEG and NaOH was the main factor in the destruction of PCBs. The obtained results of this process are in agreement with other previous findings. [21, 22] The GC/MS chromatograms of treated oil indicated that biphenyl rings were not found in it. Aryl polyethylene glycol was the final product in these reactions that their toxicity is much lower of initial PCBs. Hence, there is a high probability of dechlorination and destruction of PCBs rings and production of aryl polyethylene glycol occurring, simultaneously.
The chlorine balance mass can reveal important information about PCBs destruction. [23] The chlorine balance mass chart illustrates that the initial organic chlorine during the process was converted to inorganic chlorine ions after 10 min of MW irradiation. Studying the chlorine mass balance proved that the destruction of PCBs during the reaction was via dechlorination, not through other ways [ Figure 8 ]. It is also illustrated that toxic chlorinated byproducts were not produced. The GC/MS chromatograms showed that hazardous chlorinated organic byproducts, such as dioxin, were not created in the process.
Previous investigations did not confirm the creation of hazardous byproducts in the presence of the above variables, in various reactions, under MW or conventional heating. [20, 24] But research is still open for investigating the production of hazardous intermediates in the process. High efficiency, short time of reaction, easy recycling of waste oil, and low cost were important advantages of the suggested process for destruction of PCBs and treatment waste oil on site.
CONCLUSION
In this study, PCBs destruction in real-waste transformer oil was investigated using different kinds of variables, such PEG, NaOH, iron powder, H 2 O, and MW radiation. MW radiation, PEG, and NaOH were the main reactants leading to increase of destruction efficiency. The amounts of other reactants, namely, zero-valent iron powder and H 2 O, had no significant effect.
These reactants are inexpensive and available with high efficiency and short reaction time; easy recycling procedure of waste oil and low cost were other important advantages of the process. In further works, this approach can be applied for the destruction of PCBs and recycling of real waste oil and other Persistent organic pollutants (POPs) containing wastes.
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